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Introduction
Understanding the fundamental relationships of light propagation through the ocean, as they relate to ocean color or primary production, has been a primary goal for hydrologic optics. Driven by potential remote sensing capabilities, there is an increased interest in potential derivation or inversion of optical properties from ocean color [Lee et al., 1994 ; Zaneveld, 1982, this issue]. Intrinsic to this approach are the relationships between optical properties of the hydrosol and the signal received by a remote sensing platform over defined wavelength intervals.
The transmission of light through the ocean is described by the equation of radiative transfer, which relates the spatially varying light field to the inherent optical properties. Preisendorfer [1976] defined inherent optical properties as those properties that are invariant with the local radiance distribution but may vary spatially due to inhomogeneities in the constituents of the water. These properties include the total absorption coefficient at(A, z), total scattering coefficient br(A, z), and the volume scattering function/•(y, A, z). Henceforth, the wavelength A dependency will be implied. Vertical inhomogeneities are caused by the layering of biota or inorganic particulates suspended in a density gradient, while horizontal variability occurs as a result of patchiness from physically driven upwelling, mesoscale features, local winds, coastal discharge, tidal action, or fine-scale turbulence [Gallegos et 3College of Oceanic and Atmospheric Sciences, Oregon State electromagnetic field interacts with the dielectric interfaces of various material constituents which include water, adsorbed microlayers, and the optical features of organic detritus, inorganic material, phytoplankton, viruses, and bacteria. At larger scales, such as those of most optical measurements, or at still larger scales, such as the ocean color radiance signal received by a satellite, there is integration in space and time, however, which makes inversion difficult in a horizontally varying medium. It is the derivation of the inherent optical properties from the remotely sensed reflectance (RSR) RSR = L(rc)/Eoa (the ratio of nadir radiance to scalar downwelling irradiance) that this paper addresses.
The total scattering coefficient b is composed of the forward bf and backward bb scattering components. For a remotely sensed signal it is the relationship between the backscattering and total absorption coefficients that is significant for most realistic oceanic conditions. Therefore the hydrosol backscattering and absorption coefficients are often used in modeling light propagation and signal return for both active and passive systems. About 90% of the water-leaving radiance is due to scattering events occurring within the first attenuation length [Gordon and Clark, 1980; Gordon and Morel, 1983] . Our goal has been to develop and evaluate inversion techniques that permit inherent optical properties, such as the backscattering coefficient, to be derived from remote sensing reflectance. The use of the more easily measured apparent optical, or even biological, properties has been put forth to circumvent the intrinsic difficulties in measurements of absorption and scattering or backscattering and also to determine the relationship that the apparent optical properties have with the inherent properties. Morel [1988] and Gordon et al. [1988] presented techniques for estimation of backscattering from chlorophyll derived from the coastal zone color scanner (CZCS) imagery (i.e., the radiances received by the CZCS). Lee et al. [1994] have developed a model whereby reflectance ratios measured remotely are used to predict the ratio 
where of b b to Q (where Q is the ratio of upwelling irradiance to the upwelling nadir radiance). However, it has been shown that the value of Q can vary over more than an order of magnitude . In addition, the reflectance ratio R, defined as the upwelling plane irradiance divided by the downwelling plane irradiance, varies strongly as a function of solar angle and the shape of the hydrosol volume scattering function [Gordon, 1989; Morel and Gentili, 1993] . Furthermore, while the absorption coefficient is largely a function of the biota, the scattering and backscattering may or may not correlate with the living biomass present [Kitchen and Zaneveld, 1990] . Consequently, the estimation of hydrosol backscattering from only biological information or a derived biological parameter is tenuous, and a more analytical approach to derive backscattering is desirable.
An analytic approach for retrieval of the inherent optical properties was put forth by Zaneveld [1982, this issue] in which the backscattering and absorption are simple functions of the remotely sensed reflectance. Since remotely sensed reflectance as viewed by a satellite is only measurable on clear days, one can hypothesize that the absorption coefficient used in Zaneveld's approach can be reasonably determined from the refracted solar angle and the attenuation coefficient for the upwelling nadir radiance. Here we present results of Monte Carlo simulations with known absorption and scattering coefficients and phase functions as inputs so that the backscattering is known a priori. The output of the simulations is used to calculate the backscattering coefficient and then compare it with the known input values of b•. We evaluate the retrieval of backscattering under the assumption that absorption can be reasonably estimated or that at least (a + b •) is a linear function of k( (where k(rr) is the vertical attenuation coefficient for upwelling nadir radiance) over a wide range of conditions. Since the volume scattering functions are also known inputs, we are able to investigate the question of whether the shape of the hydrosol backscattering lobe, usually assumed to be uniform, has any effect on the retrieval of the inherent illustrate the geometry of backscattering from a bacterialike particle and a quartzlike particle into the nadir radiance. Considering only the upwelling nadir radiance and assuming that the scattering and radiance distribution functions are continuous in the region (rd2, re), Zaneveld [1982] showed that the remotely sensed reflectance can be rigorously described by (4):
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The meaning of the backscattering shape factor fo becomes clear from (5); it is the ratio of the actual radiant flux backscattered into the nadir radiance to the predicted backscattered radiant flux. Use of Eod and L(,r, z) in these equations implies uniformity of radiances in the downwelling and upwelling hemispheres, respectively. In addition, the backscattering lobe of the volume scattering function is also assumed to be uniform. for c, then, assuming that fr andfo are unity, rearrangement yields an expression for backscattering (equation (7)). To assess the impact of dramatically different optical properties of phytoplankton on the inversion of backscattering from RSR, we made several "nonstandard" model runs. Table 1 gives some indication as to why the f0 parameter is neither simple nor easy to dismiss. For example, individual hydrosol components vary in their f0 value by much more than the variation in the shape factor for the entire hydrosol (i.e., the weighted average). In contrast to the values for f0 of the entire hydrosol originally estimated by Zaneveld [ 1982] , the shape factors in the surface layer can be as low as 0.118 for bacteria at a chlorophyll concentration of 20 mg m -3 and air mass 2 to as high as 2.596 for quartzlike material at 20 mg m -3 chlorophyll and air mass 1. Clearly, radical shifts in the concentration of hydrosol components strongly effects f0; consider an algal bloom, a bloom of bacterial decomposers after an algal bloom has run its course, or transport of quartzlike suspended matter into coastal waters by a river after a storm or just by disturbance of bottom sediments. The pattern that emerges from Table 1 is that The subscripts with fb are defined as follows' w, water' q, quartzlike; o, organic detritus' b, bacteria; and a, algae. 
Direct Estimation of fo
Given the number of variations in the backscattering shape factor documented above, it may be difficult to simulate enough oceanic conditions to estimate the probable f• value for a given oceanic region; alternatively, it may be possible to estimate fo from specific oceanic optical measurements. To the end of determining fo directly, consider an approximation of the Eoa(Z) term used in these equations utilizing the maximum radiance, usually at the refracted solar zenith angle (see also Zaneveld The parameter ,/ at low chlorophyll concentrations is dominated by water, quartzlike material, and background bacteria concentration (there is no organic contribution at our lowest chlorophyll concentrations; bacteria are serving in the role of "organic detritus"). When the volume scattering function is dominated by these constituents, the value of fo remains high and stable (Figures 12 and 13) In addition, still other relationships have been demonstrated with our model, which takes the optical properties of individual hydrosol components into account. For example, the potential importance of bacteria to measurements of remote sensing reflectance has not been well documented or appreciated, although Morel [1991] and $tramski and Kiefer [1991] have called attention to bacterial effects on hydrosol scattering. Of potential importance for case 2 waters are the results on the effect of the quartzlike material partitioning of fb (Table 1 ). This material is primarily responsible for the very high values offb for low chlorophyll concentration with a high Sun (low zenith angle). This effect is then negated with a low Sun (high zenith angle). The implication is that the backscattering function must be known in some detail for retrieval of the inherent properties to be carried out in an analytic manner. RSR remotely sensed reflectance, sr -1. z depth, m.
